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ABSTRACT

Glasshouse trials were conducted on Calothamnus quadrifidus, Eucalyptus camaldulensis
and Melaleuca uncinata to test relative tolerance and uniformity of response in the
Myrtaceae family to salt, waterlogging and salt x waterlogging. Seed sources from both
saline (SA) and non-saline areas were used to compare differences in survival, growth
and proline production to these stresses.

Plants in the salt experiment were exposed to 0, 50, 100, 200 or 400 mM NaCl. SA M.
uncinata was considered the most tolerant of saline conditions, with 88.8 % survival at
the highest salt level. The two seed sources of C. quadrifidus were considered the least
tolerant with none surviving 400 mM NaCl.

Plants in the waterlogging (WL) experiment were exposed to 0, WL200 or WL400 mM
NaCl. The SA E. camaldulensis Yan 94 was the most tolerant of waterlogging and salt x
waterlogging conditions, with 44.4 % survival at the highest levels. Neither C.
quadrifidus nor M. uncinata was considered particularly tolerant of combined saline x
waterlogged conditions with limited survival observed once salt and waterlogging were
combined.

x

Proline concentration generally rose with imposition of salt stress, yet levels were not
considered significant enough to warrant its role as an osmoprotectant. Alternative
adaptive roles in enhancing salt tolerance were assumed. Levels of proline showed little
variation between the salt and waterlogging experiments, suggesting that it may only be
capable of assisting during one stress at a time.

Differences in response indicated that tolerance to salt and waterlogging stress varies not
only at the species level but also between seed sources.

xi

CHAPTER 1: INTRODUCTION TO SALINITY

1.1

The Salinity Problem

Salinity is one of the most damaging environmental problems of global proportion today.
As with many countries with an agricultural reliance, Australia is affected by increasing
expanses of saline soils. The potential for significant economic loss due to soil salinity is
evident by the vast assortment of literature relating to this topic. According to Munns,
(1993) the effects of salinity on plant growth follows photosynthesis in being the second
most published plant physiology topic. The majority of this work has focused on crop
species, which indicates the negative effects of salt on plant growth and yield. This is of
particular interest in less developed countries where primary salinity is prevalent due to
irrigation with saline water, which causes decline in productivity of economically
important species such as rice (Winicov, 1998).

In Australia, and Western Australia in particular, dryland salinity (also known as
secondary salinity) is the predominant cause of an increasingly saline landscape. For
thousands of years, deposition of salts from rain formed over the ocean has brought about
a stockpile of sodium chloride within the land. Relatively recent, large-scale clearing of
deep-rooted perennials has increased recharge volume causing a resultant rise in water
table levels (Anon., 2001a). With an absence of trees to maintain watertable levels the
water, and therefore, dissolved salts can come to the surface (Williams, 1999). This water

may evaporate and leave behind a salty residue or saline, waterlogged conditions may
prevail.

At present, 5.7 million hectares of Australian land is affected or at immediate risk of
being affected by dryland salinity. It has been predicted that this may increase to
approximately 17 million hectares by 2050. The wheatbelt region in Western Australia is
the worst affected area in the country and had 4.36 million hectares of land considered
saline in 2000. This is expected to double by 2050, which will cause serious economic
and environmental impacts (Anon., 2001b).

1.1.1

Salinity in the Wheatbelt of Western Australia

The southwest region of Western Australia has been divided into three zones according to
rainfall: i) high rainfall (800-1500mm), ii) transitional rainfall (300-800mm), and iii) arid
(<300mm). The wheatbelt falls within the realm of transitional rainfall. This region is
characterized by nutrient poor soils and is typically of low relief. This flat landscape and
seasonal rainfall provides little opportunity for removal of accumulated salts through
discharge. Therefore a large system of natural salt lakes that lie in the broad flat valley
floors has resulted. Despite this harsh environment the wheatbelt is acknowledged for its
complex vegetation and particularly high levels of species diversity and endemism. With
just over 93% of the natural vegetation from this region having already been cleared,
there is obvious need for conserving the remaining remnant vegetation (Cramer & Hobbs,
2002).
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1.1.2

Tackling the Salinity Problem

Both physical and biological means of controlling the salinity problem have been
proposed and both have legitimate potential. Most of the biological research has focused
on crop species because of the economic losses that are incurred through a decline in
yield. There is, however, the less obvious hindrance to conservation efforts which also
needs to be addressed. The production of salt tolerant native plants is capable of
satisfying rehabilitation needs and providing economic gain, as certain species (e.g.
Eucalyptus spp. and Melaleuca spp.) have considerable capacity for use in the production
of timber, oils, honey, dried flowers and long-term environmental sustainability (Niknam
& McComb, 2000).

It has become clear that the degree of tolerance of plants to salt is dependent upon species
and habitat and can be conferred by a variety of mechanisms. Observing the
physiological and metabolic responses to salt stress may provide the key to recognizing
the many heritable traits which can confer a degree of tolerance to salt. This may provide
a means of increasing salt tolerance in particular species that may be useful for either
production and/or revegetation purposes.

1.2

Plant Tolerance to Salt

Plant species can be categorized according to their ability to tolerate salt. Halophytes are
plants able to grow and reproduce in saline environments, whereas glycophytes are
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sensitive to salt. Halophytic algae provide the ultimate example of salt tolerance with
some species such as the pink salt lake species Dunaliella parva able to withstand a salt
concentration 10x that of seawater (Munns, 2002). Vascular euhalophytes (e.g. Salicornia
bigelovii) may not be able to tolerate such extreme conditions, but are morphologically
and physiologically specialized for saline habitats (Parks, Dietrich & Schumaker, 2002).
Miohalophytes are able to tolerate relatively high levels of salt, but growth cessation and
senescence occur at lower levels than true halophytes. Glycophytes, which include most
plant species, typically have a low degree of tolerance, but this varies within the range of
being sensitive (e.g. rice) to relatively tolerant (as exemplified by barley) (Munns et al.,
2002).

For ease of use, however, the generalized terms halophyte and glycophyte are more
commonly used. Halophytes are adapted to grow and survive in saline environments
ranging from marine estuaries to salt lake margins in arid regions. In general, they are
regarded as having an optimum salt requirement of between 20-500 mM (Gorham, 1993),
but commonly occur in environments within the range of 100-200 mM (Munns, 2002).
For most halophytes, the lethal salt concentration is well above 300 mM (generally
between 700 – 1000 mM), but growth inhibition will occur before this level is reached.
Physiological adaptations allow the accumulation of large amounts of salt in most
halophytes, with tissue concentration often exceeding 500 mM (Atwell, Kriedemann &
Turnbull, 1999), which would normally inhibit enzyme activity. Glycophytes are less
able to survive and grow in saline soils, with cessation of growth occurring at salt levels
ranging between 0 – 50 mM (Atwell et al., 1999).
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Whether plants are halophytes or glycophytes, their enzymes are just as sensitive to salt.
Plants must, therefore, regulate the amount of salt that enters the vascular system, or
minimize its effects on cellular processes. These processes are the focus of much of the
research into salt tolerance in plants.

1.2.1 Physiological Responses to Salt

There is no single mechanism used by plants to withstand a saline growing medium and
often a combination of responses that are both interactive and species dependent may
occur (Bonhert, Nelson & Jensen, 1995). The physiological responses of plants to
increased salt concentrations are similar between both glycophytes and halophytes, but it
is the extent of effectiveness that varies (Bonhert & Jensen, 1996; Atwell et al., 1999).

One immediately important aspect of a plant’s ability to tolerate salt is control of turgor.
This must be maintained for plants to continue to function efficiently and grow, but
becomes difficult when soil water potential decreases in response to salinization.
Combined with an increase in xylem tension brought about by transpiration, saline
growing conditions present a need for plants to manage the salt they take up whilst trying
to maintain water balance (Bonhert et al., 1995; Hopkins, 1999).
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Minimising Salt Intake

Ion exclusion is the primary response employed by plants to reduce the negative effects
of a high internal salt concentration (Niknam & McComb, 2000). In some species, roots
may minimize salt uptake to regulate internal salt load. Avicennia marina (a mangrove
species) achieves 98% salt exclusion by the roots (Atwell et al., 1999). To minimize the
adverse effects of salts on the growing tissues, it is important to regulate the amount of
Na+ that reaches the xylem. Suberized hypodermis and endodermis casparian strips
facilitate selective diffusion and reduce the amount of Na+ that enters the xylem sap
(Zimmermann et al., 1992). This mechanism may not be developed in salt sensitive
species, where water bypasses the endodermis to enter the transpiration stream directly
(Garcia et al., 1997). Favouring K+ over Na+ is a discrimination that maintains ionic
balance and reduces the possibility of salt induced damage. Potassium transporter
proteins selectively swap Na+ for K+, moving the Na+ into the old tissues as the xylem
sap moves up the plant. This causes an accumulation of Na+ to toxic levels in old leaves
which initiates their premature senescence (Lutts, Bouharmont & Kinet, 1999; An,
Inanaga, Cohen, Kafkafi & Sugimoto, 2002), a response that was enhanced in the more
salt tolerant of two soybean (Glycine max) cultivars (An et al., 2002).

Halophytes are well adapted to sequester large amounts of salt in their cells. Both Na+
and Cl- are stored in the cell vacuole where their inhibitory impact on enzymes can be
minimized. By compartmentalizing solutes, Atriplex amnicola growing in 400 mM of salt
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is able to tolerate over 900 mM of Na+ in the mesophyll tissue without showing signs of
visible injury (Aslam et al., 1986). Glycophytes may also use this mechanism, but are
unable to store such high levels of Na+ (Glenn & Brown, 1999).

The Role of Osmolytes

To balance increases in vacuole solute levels, organic solutes may be synthesized and
stored in the cytoplasm. In large enough concentrations, these osmolytes can decrease the
water potential of cells and allow water to be taken up (Mattioni, Lacerenza, Triccoli,
DeLeonardi & DiFonzo, 1997). To perform such a function effectively they must not
inhibit enzyme function, so are thus termed compatible solutes. These solutes tend to be
uncharged at neutral pH and are highly soluble in water (Bonhert et al., 1995). Amino
acids, sugar alcohols and quaternary ammonium compounds are examples of such
solutes.

Proline, an imino acid, is considered to be the most widely distributed osmolyte, observed
to accumulate in plants, eubacteria, marine invertebrate and algal cells under stress
conditions (Delauney & Verma, 1993). The increase in proline levels in wilted plant
tissue was first noted by Kemble and McPherson in 1954 while working on rye grass.
Since then, its accumulation has continued to be observed when plants are subjected to
various adverse conditions, including low temperatures, soils contaminated with heavy
metals, nutrient deficiencies, acidic environments or where water is a limiting factor
(Delauney & Verma, 1993).
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The role of proline as a significant osmoprotectant first became apparent when an overproducing mutant of Salmonella typhimurium demonstrated increased osmotolerance
(Csonka, 1981). Subsequent research has generated much interest into its role in
metabolic responses to hyperosmotic stress and provided substantial information
regarding its involvement in a range of osmotic responses in various plant tissues.

The majority of this work has focused on the production of proline (and other organic
solutes) in the leaf regions of glycophytes. Manihot esculenta (cassava) exhibited a 9-fold
and 25-fold rise in proline levels in the excised leaves of a drought tolerant and drought
susceptible cultivar, respectively (Sundaresan & Sudhakaran, 1995). However, the
drought tolerant cultivar of Morus alba (mulberry) showed an 8-fold increase in proline
levels, compared to only 3.5-fold in the drought susceptible variety (Ramanjulu &
Sudhakar, 2000). The apical segments of Oryza sativa (rice) displayed a positive
correlation between proline and salt levels, with a 4-fold increase achieved at 200 mM
(Lin, Hsu & Kao, 2002). An increased ability to tolerate salt was observed in a mutant of
Nicotiana plumbaginifolia which produced high levels of proline (Roosens et al., 1999).
Similarly, a transgenic tobacco characterized by elevated proline production also
exhibited a greater ability to cope with osmotic stress (Kavikishor, Hong, Miao, Hu &
Verma, 1995). Proline has also been observed to increase in concentration in response to
salt stress in durum wheat (Triticum durum) (Mattioni et al., 1997), cowpea (Vigna
unguiculata) (Somal & Yapa, 1998) and to a greater extent in the salt tolerant tomato
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(Lycopersicon pennellii) than in a related sensitive species in the short-term (L.
esculentum) (Santa-Cruz, Acosta, Rus & Bolarin, 1999).
Proline accumulation is not restricted to only leaf tissue or glycophytes. Specialised cells
which undergo periods of extreme dessication may also have elevated levels of proline.
Studies on tomato pollen revealed that proline constituted more than 70% of the total
amino acid pool, believed to aid pollen development and subsequent germination and
growth of the pollen tube (Schwacke et al., 1999). The highest ratio of proline:amino acid
was present in the roots of the most salt tolerant of two clones of Eucalyptus microtheca
when grown in 200 mM NaCl (Morabito, Jolivet, Prat & Dizengremel, 1996) and proline
was accumulated in the root tips of maize (Zea mays), where it was believed to be of
major influence in the osmotic adjustment of the meristem at low water potentials
(Raymond & Smirnoff, 2002). In addition, proline accounted for 80% of the free amino
acid pool in tobacco cell culture adapted to 428 mM NaCl (Binzel et al., 1987; Raymond
& Smirnoff, 2002). Similarly, cell culture of the halophytic grass Distichlis spicata
rapidly produced intracellular proline in response to a growth media containing 200 mM
NaCl (Daines & Gould, 1985). Growth of the halophyte Mesembryanthemum
crystallinum at 400 mM led to 8 mM of proline in the leaf sap compared to just 0.25 mM
in plants grown in a salt-free medium (Demmig & Winter, 1986).

Different species cope with water deficits and salt in different ways and not all species
will adopt the abilities of compatible solutes. Those that do may produce osmolytes in
differing parts of the plant. In contrast to the results of Santa-Cruz et al., (1999), previous
studies on tomato over a longer period of time indicated that proline levels did not have a
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significant influence on reducing osmotic potential (Perez-Alfocea, Santa Cruz, Guerrier
& Bolarin, 1994). Similarly, the salt tolerant accessions of pigeon pea (Cajanus cajan)
also accumulated proline, although levels were not considered high enough to
significantly lower osmotic potential (Ashraf, 1994).

There is much conjecture regarding the ways in which proline acts to enhance a plant’s
response to hyperosmotic conditions. A study undertaken on bacteria indicated that
proline may improve protein stability as, like other compatible solutes, it is excluded
from the hydration sphere of proteins so that it cannot result in unfolding (unlike
inorganic ions) (Low, 1985). It has also been suggested that membrane stability may be
enhanced as a result of the interaction of proline with phospholipids during times of
decreased water availability or high temperatures (Csonka, 1989). Other suggestions as to
the function of proline include it being a sink for excess reductant, a store for both carbon
and nitrogen for utilization once water levels have been restored, it being able to protect
against heat denaturation and a role as a hydroxyl radical scavenger (Smirnoff &
Stewart, 1985; Smirnoff & Cumbes, 1989; Samaras et al., 1995). In addition, Raymond &
Smirnoff, (2002) proposed that the accumulation of proline may be involved in the
regulation of cytoplasm pH, counteracting the low pH brought about by the production of
photorespiratory organic acids during drought stress.

There are four main suggestions as to how proline accumulates in plant tissues: a) an
increase in proline biosynthesis, b) a decrease in proline degradation, c) a decrease in
protein synthesis or utilization or d) hydrolysis of proteins (Charest & Phan, 1990;
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Yoshiba, Kiyosue, Nakashima, Yamaguchi-Shinozaki & Shinozaki, 1997). The first two
possibilities have received the most attention and are accepted as being most commonly
associated with a response to hyperosmotic stress (Delauney & Verma, 1993; Peng, Lu &
Verma, 1996), although different species may accumulate proline in other ways.

Proline can be synthesized in higher plants using either glutamate or ornithine as
precursors, although the glutamate pathway is believed to be the predominant means of
biosynthesis under stress conditions such as salinity (Delauney & Verma, 1993). Proline
is synthesized from glutamate via ∆’-pyrroline-5-carboxylate (P5C) by two enzymes,
P5C synthetase (P5CS) and P5C reductase (P5CR), as shown in transgenic tobacco
(Kavikishor et al., 1995) and Triticum durum (Mattioni et al., 1997). Alternatively,
ornithine and α-ketoglutarate can be converted to P5C by ornithine-δ-aminotransferase
(δ-OAT), as in rice (Lin et al., 2002) and Aribidopsis thaliana (Chiang & Dandekar,
1995).

Decreased proline catabolism may also contribute to proline accumulation at low water
potential. Proline degradation occurs when proline oxidase, also known as proline
dehydrogenase (PDH) catalyses the conversion of proline to P5C, which is then oxidized
to glutamate by P5C dehydrogenase (P5CD) (Kiyosue, Yamaguchi-Shinozaki &
Shinozaki, 1994). Enhanced proline catabolism has been observed in Arabidopsis
(Kiyosue, Yoshiba, Yamaguchi-Shinozaki & Shinozaki, 1996), rice (Lin et al., 2002) and
Solanum tuberosum (Forlani, Mangiagalli, Pinter & Nielson, 2000).
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1.2.2

Morphological Adaptations

Many halophytes also have morphological adaptations to help them deal with high
internal and external salt concentrations. Salt glands are a collection of cells responsible
for shifting ions from mesophyll tissues to leaf surfaces where they crystallize and are
blown or washed away (Atwell et al., 1999). Salt bladders (only present in the
Chenopodiaceae e.g. Atriplex spp.) are enlarged structures which fill with salt and then
burst to expel excessive solutes (Gorham, 1993). Alternatively, many halophytes, for
example Halosarcia spp (and some salt tolerant glycophytes), have thick fleshy leaves
with highly vacuolized cells. Such succulence provides additional storage area for salt,
therefore minimizing the impact on the cytoplasm. This trait is exhibited by Atriplex
hastata where leaf thickness may increase by approximately 2.5 times when salinity
reaches 100 mM.

1.3

Waterlogging in Western Australia

It has been estimated that two million hectares of the Western Australian wheatbelt is
subject to waterlogging (Dennis et al., 2000), putting immense pressure on agricultural
crops and remnant vegetation. Much of this area is composed of duplex soils with a
relatively impermeable clay base overlain by sandy soil (Barrett & Dent, 1996). Such a
soil structure provides obvious drainage problems, which can result in the watertable
rising following rain. This clearly implies that much of the land affected by salinity in the
wheatbelt is also prone to various degrees of waterlogging, meaning that the plants

12

selected for rehabilitation purposes in these areas must be specialized to tolerate two
potentially lethal factors.

1.3.1

The Effects of Waterlogging

Flooding is ranked similarly to salinity, water shortage and extreme temperatures in terms
of abiotic stresses capable of limiting species distribution (Visser, Voesenek, Vartapetian
& Jackson, 2003). Although species vary greatly in their ability to withstand
waterlogging, a high level of adaptation is essential for plants to not only survive but also
grow in waterlogged environments.

Two major problems face plants subject to waterlogged conditions. Firstly, due to the
slow diffusive rate of gases in water, oxygen around the root zone is in short supply. This
shortage is exacerbated by heavy demand from soil microorganisms and plant roots,
ultimately resulting in oxygen starvation. As roots are essentially aerobic organs, a lack
of oxygen can cause logistical problems. Hypoxic or anoxic conditions inhibit the ability
to produce energy for growth via aerobic respiration (Dennis et al., 2000; Malik, Colmer,
Lambers, Setter & Schortemeyer, 2002), and bring about a dramatic reduction in both the
uptake and transport of essential ions (Visser et al., 2003).

The shift to anaerobic respiration brings about the second major concern for waterlogged
plants. The formation of ethanol and its subsequent release of carbon dioxide during
alcohol fermentation opens the possibility of these products accumulating to toxic levels,
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resulting in metabolic and cell damage (Kozlowski, 1997). In essence, when ethanol and
carbon dioxide concentrations increase sufficiently, self-poisoning can result and root
death follows. Whether this concept is a real possibility will be discussed in the next
section.

These limitations combined with a reduction in carbon assimilation, cytoplasmic
acidification, changes in lipid composition, membrane fluidity and disruption to the root
to shoot exchange process, can cause shoot growth of woody plants to be adversely
affected by waterlogging. The suppression of leaf formation and expansion and
premature leaf death can occur in plants not able to tolerate extended periods of
waterlogging. These processes can be hastened in warmer regions where respiration by
soil microbes and roots occurs more rapidly (Vartapetian & Jackson, 1997), quickly
depleting oxygen content in the soil and intensifying the need for plant response. Those
plants with limited ability to tolerate such extreme conditions can generally only survive
short periods of inundation before they succumb to the devastating effects of hypoxia.

1.4

Physiological and Morphological Adaptations to Waterlogging

Tolerance to such conditions appears to be dependent on a combination of morphological
and metabolic adaptations, which are both tissue and species specific (Ratcliffe, 1995).
The success of these mechanisms may be variable, according to the age of the plant
(Davies, Turner & Dracup, 2000), length of inundation, depth of water (Kozlowski,
1997), organs directly affected and other external influences such as temperature
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(Vartapetian & Jackson, 1997). As a generalization, most terrestrial plants are only able
to cope with periods of anoxia in an otherwise aerobic existence. Even short-term
waterlogging (hours or days) can have negative impacts on a plant’s growth and health if
it is not equipped to cope (Melhuish, Humphreys, Muirhead & White, 1991).

1.4.1

Metabolic Adaptations

To counteract oxygen deficiencies in the soil substrate, plants are able to convert to
anaerobic respiration. Three main fermentation pathways may act in plants subject to
flooding: ethanol, lactic acid and the lesser known plant-specific pathway involving
conversion of pyruvate and glutamate to alanine (Dennis et al., 2000). Cystolic pH
appears to be the main determinant of which pathway is used, yet despite considerable
research the mechanisms involved remain largely unknown. It has, however, been
acknowledged that species with greater tendency to survive waterlogging are likely to
rely on the alcohol fermentation pathway.

Despite excess quantities of ethanol being produced through alcohol fermentation at
times of flooding, it has been suggested that these levels are not high enough to be
considered phytotoxic (Alpi, Perata & Beevers, 1985; Vartapetian & Jackson, 1997). In
addition, it is believed that some woody species are able to remove ethanol via lenticels
on roots (Crawford & Finegan, 1989; Kozlowski, 1997). Combined with a relatively
effective system of channeling soluble sugars through hormonal and sugar signals, the
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ethanol fermentation pathway creates a respiration system that may outweigh any
negatives and lengthen the survival expectations of the individuals (Visser et al., 2003).

1.4.2

Morphological Adaptations

Many glycophytes capable of tolerating intermittent waterlogging show a propensity for
producing aerenchymous tissues in the roots (Huang, Johnson, Box & NeSmith, 1997).
This has been related to increased tolerance to waterlogging in five Casuarina species
(van der Moezel, Walton, Pearce-Pinto & Bell, 1989), barley (Pang, Zhou, Mendham &
Shabala, 2004) and wheat (Huang et al., 1997; Malik et al., 2002). These gas-filled
chambers are considered to be a pathway for oxygen transport and the removal of toxic
gases such as ethanol produced during anaerobic respiration (van der Moezel, Watson,
Pearce-Pinto & Bell, 1988).

Species more adept at withstanding longer term waterlogging are more likely to produce
adventitious roots which grow vertically or horizontally to the more oxygen-rich water
surface or air, as exemplified in Ludwigia peploides (Ellmore, 1981; van der Moezel et
al., 1988). Observations made by Webb & Armstrong (1983) indicated that a wetland
species (rice) was more sensitive to waterlogging than the non-wetland species
(pumpkin). This was similarly supported by a study on three wetland species by
Vartapetian & Andreeva (1986) which found the roots to be particularly sensitive to
oxygen depletion. These results suggest that species proficient in tolerating waterlogging
use avoidance, rather than relying on morphological adaptation.
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Only in recent years have studies been undertaken on the combined effects of salinity and
waterlogging on plant growth rates. Clearly, the combination of these two extreme abiotic
stresses requires a high degree of specialization. Research on these two factors both
independently and cooperatively has been extensive, however, the majority of this focus
has aimed at economically important crops species, and has failed to consider the
possible role of osmolytes in assisting plants to overcome such adverse conditions.

The current research aims to determine the physiological responses of selected species
from the Myrtaceae family to salt and waterlogging stress. The production of osmolytes
is of particular interest and the consistency of their production between species will be
monitored. In addition, the project aims to determine if the seedlings produced from
plants growing in salt affected areas are more able to tolerate saline and waterlogged
conditions.

1.5

Seed Source

There is evidence to suggest that the provenance of seed collection directly influences a
plants ability to withstand various stresses (Sands, 1981; Farrell, Bell, Akilan & Marshall,
1996). Growth and survival differed between tested provenances for Acacia stenophylla,
E. camaldulensis and E. spathulata when grown in saline (6-10 dSm-1) or non-saline
plots (Marcar, Crawford, Hossain & Nicholson, 2003). Marcar et al., (2002) observed
that significant differences in growth occurred among six provenances of E. globulus
when exposed to waterlogging, irrespective of treatment. Similarly, although not found to
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be significant, considerable difference in growth were observed by the same authors
between seven provenances of E. grandis.

Genetic variation between populations creates ample opportunity to scout the
provenances of key species expected to exhibit superior performance under certain
conditions. A significant variation in tolerance to saline (150 mol m-3) and stepped pH
(7.6 – 9.5) conditions was apparent in the seedlings of E. camaldulensis grown from 15
seed sources. Significant differences were observed between the heights of individuals
and shoot dry weights from different provenances, with reductions in dry weight ranging
from 42.9% to 82% in response to the salt treatments (Marcar, Zohar, Guo & Crawford,
2002).

The underlying expectation of research into different performances between provenances
is that populations which naturally occur in areas of greater salinity will have an inherent
ability to better tolerate salt. This was believed to be the case for the legume Stylosanthes
humilis, generally considered to be salt sensitive. The estimated amount of salt present in
the soil to result in a 50 and 25% reduction in shoot dry mass ranged from between 84 –
108 mM and 49 – 83 mM respectively, with seedlings grown from seeds of semi-arid
saline soils having the greatest tolerance to the higher salt levels (Lovato, de Lomos Filho
& Martins, 1999). Comparison of osmolyte production by stressed plants grown from
seeds collected from salt affected land and non-salt affected land has received little
attention, but would provide useful information.
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1.5.1

Species Selection

Myrtaceae family

The Myrtaceae family consists of approximately 3 000 woody species, found mainly in
Australia and the tropics. It is an important plant family in Australia, where its members
form significant tracts of vegetation used for both habitat and food, and is also of
significant commercial value in forestry, honey production, broombrush fencing (Craven,
Lepschi, Broadhurst and Byrne, 2004), floriculture and oil production. In recent years,
many of its species have been examined in regard to conservation attempts, particularly
in revegetating salt affected lands.

E. camaldulensis

Eucalyptus camaldulensis is the most widespread species of eucalypt in Australia (Bell,
van der Moezel et al., 1993). It has received much attention as a key species for land
reclamation both in Australia and overseas due to a number of important characteristics,
including rapid growth rate, salt and alkalinity tolerance and having considerable
genotypic variation between provenances (Prat & Fathi-Ettai, 1990; Marcar et al., 2003).
Much research has gone into identifying the most salt tolerant provenances and those
varieties most suitable for planting in areas prone to drought or flooding for rehabilitation
purposes (Akilan, Marshall, Morgan, Farrell & Bell, 1997; Marshall, Bell, Farrell &
Akilan, 1997; Niknam & McComb, 2000). The species is, however, also useful for
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providing shade, shelter, habitat, agroforestry, furniture and industrial wood production
so has many beneficial prospects.

M. uncinata
The Melaleuca genus is endemic to Australia with approximately 250 species described.
It is a widespread group of the Myrtaceae family which is gaining attention due to the
diverse areas in which it occurs, with many species capable of withstanding
environmental stresses such as drought (Naidu, 2003), waterlogging (van der Moezel,
Pearce-Pinto & Bell, 1991) and salt (Bell, 1999) with interspecific genetic variation
present (Niknam & McComb, 2000). By 1999 combined research had acknowledged a
total of 18 species of Melaleuca capable of withstanding 400 mM NaCl and
waterlogging, including M. uncinata (Bell, 1999; Niknam & McComb, 2000).
M. uncinata is a common species in the wheatbelt region of Western Australia and
commonly occurs near salt lakes. It is easily grown from seed and due to its wide
distribution is likely to show genotypic variation according to provenance, making it a
species worthy of further examination.

C. quadrifidus

The approximately 40 species of Calothamnus are endemic to Western Australia, mainly
in the south west region. The medium-sized plants provide a thick mid-storey and the
one-sided flowers are a popular source of nectar for many bird species. Calothamnus are
cultivated as ornamentals due to their adaptability to a range of soils and climates

20

(Corrick & Fuhrer, 1996). It is for this reason that C. quadrifidus was of particular
interest in this study – to determine if a plant producing seed near a saline drainage line
will produce offspring with more advanced salt and waterlogging tolerance.

1.6

Aims of Study

There are many options being examined in the attempt to tackle the growing salinity
issue, including engineering solutions, aquaculture development and vegetative
rehabilitation. Each of these has considerable potential for minimizing the spread of the
saline areas or maintaining productivity. Much more fine-scale research is required,
however, before solutions can be implemented.

This study aims to observe the consistency of the salt and/or waterlogging result in
members of the Myrtaceae family, focusing on three species in particular –
E. camaldulensis, M. uncinata and C. quadrifidus to determine their responses to, and
ability to survive and grow in various degrees of salinity and waterlogged conditions.
Seed source differences will be addressed, to compare the performances of seedlings
grown from seeds collected from both saline and non-saline areas, with particular
attention being focused on the production of proline as a means of generating this salt
tolerance and its potential use as a screening tool. The fundamental aim of this project is
to recognize which species are worth further investigation for field trials on salt-affected
land.
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CHAPTER 2: MATERIALS AND METHODS

2.1

Plant Selection

Fieldtrips were taken to the Yilgarn region to find species of interest to screen for
tolerance to salt and waterlogging. Species growing around Lake Baladji (a naturally
occurring salt lake) on the northern region of the Yilgarn and saline areas on private
properties were investigated for trees and shrubs of interest. Target plants were identified
according to plant health (mature plants with new growth present, good form and
significant seed production), predominance in the area and ability to grow close to saline
areas.

Seeds and cuttings were collected from several plants at one location, to be identified and
then trialed in the glasshouse. This included material from the halophytes Atriplex
amnicola and Halosarcia spp and glycophytes including Eualyptus leptopoda, E.
corrugata, Melaleuca lateriflora, M. acuminata, M. uncinata, M. pauperiflora and
Calothamnus quadrifidus. The initial trial consisted of seeds and cuttings collected during
November, 2001.

Seeds and cuttings were propagated in trays containing a mix of one part fine white sand,
one part coarse river sand and one part peat (1:1:1). Propagating material was maintained
in glasshouse conditions under periodic mist for approximately 12 weeks to determine
which species exhibited greatest potential for larger scale production and those species
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likely to exhibit greatest growth rates in the limited time available. It was decided to use
only species from the Myrtaceae family to compare differences in growth, survival and
physiological traits.

Two species were selected from this trial. M. uncinata was chosen as it is a widespread
species across the West Australian wheatbelt, often occurring along the edge of naturally
occurring salt lakes and producing large quantities of seed which are easily propagated.
C. quadrifidus was selected as a species of interest, as one large shrub growing on the
edge of a saline drainage channel was believed to have tolerated these saline waterlogged
conditions for many years and was still producing viable seed.

As the Eucalyptus species collected from the Yilgarn area did not provide the required
amount of seed and because of the widespread use of E. camaldulensis it was decided
that E. camaldulensis would make a good comparative species. Seeds of two salt tolerant
provenances of E. camalduldulensis (STON09 and YAN94) were provided by the
Department of Conservation and Land Management (CALM). This has been a species of
interest for many years as it is a widespread species which is believed to tolerate both
saline and waterlogged conditions. Seeds from all three species were also bought from a
commercial seed supplier (Nindethana Seeds) and believed to be collected from healthy
plants growing on non-saline land for comparison.
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2.2

Plant Material and Growth Conditions

All seeds were germinated in seed trays using a 1:1:1 (by volume) fine sand:coarse sand:
peat mix and fertilized with a half strength solution of Thrive® weekly once the first
shoots appeared. After approximately two months three seedlings of uniform size were
transplanted into 200 mm pots filled with 4.5 kg of the 1:1:1 fine:coarse sand:peat
mixture. Three pots were used for each treatment, providing a total of nine replicates per
species. Plants were fertilized with full strength Thrive® weekly, for six weeks before
experimental conditions were applied. Glasshouse conditions were maintained at 20-30
ºC and maximum light of 10 000 lux for the duration of the experiment.

Two separate experiments were undertaken to test the salt and waterlogging tolerance of
the three species selected and to determine physiological differences between seed
sources.

2.3

Salinity Experiment

For the salinity experiment, five salt treatments were applied to test for ability to tolerate
saline conditions: Control (0 mM), 50 mM, 100 mM, 200 mM and 400 mM NaCl. At the
commencement of the experiment, one litre of nutrient solution, consisting 0.89 g/L
Thrive®, 0.66 g/L CaNO3, 0.1 g/L soluble Fe (Librel Fe-LoTM, 13.2% Fe.EDTA) and
appropriate NaCl was flushed through each pot every second day. The NaCl
concentration was increased in increments of 50 mM with each application until the
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maximum required concentration was achieved for each treatment. On the day that each
treatment reached maximum NaCl concentration, two litres of solution was flushed
through the pot before being left to drain for 24 hours, after which the drainage hole was
bunged and field capacity recorded. Pots were maintained at field capacity with deionised
water each day and nutrients were applied after six weeks. Pots were arranged randomly
on a glasshouse bench and their position rotated fortnightly. Plants were subjected to
these experimental conditions for 12 weeks. The salinity experiment commenced in
March, 2003 (autumn).

2.4

Waterlogging Experiment

For the waterlogging experiment, four treatments were applied to test for a species ability
to withstand either waterlogged or saline waterlogged conditions: Control (0mM NaCl,
field capacity), 0 mM NaCl and waterlogged (WL0), 200 mM NaCl and waterlogged
(WL200) and 400mM NaCl and waterlogged (WL400). As with the salinity experiment,
salt was applied in a nutrient solution every second day in increments of 50 mM. Once
maximum salt concentration was achieved, all pots were left to drain for 24 hours and
field capacity of the controls was measured. Control plants were watered to field capacity
each day with deionised water. All other treatments were filled to a point 10 mm above
the soil surface and this was maintained daily with deionised water. Nutrients were
applied after six weeks. Plants were maintained in this experiment for 12 weeks. The
salinity x waterlogging experiment commenced in May 2003 (autumn/winter).
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2.5

Growth Measurement and Plant Harvest

For each experiment plant height, health observations and mortality were recorded
weekly. Plant health indicators included apical growth, changes in leaf colour (indicating
nutrient deficiencies), leaf shedding and other signs of stress such as wilting. Water
consumption was noted for plants being maintained at field capacity. This was measured
as the amount of water needing to be added daily to maintain field capacity in each
individual pot. Plants were harvested after 12 weeks and the root and shoots separated
and weighed. Dry weight (DWT) was obtained after drying the root and shoot material at
80 °C. The relative growth rate (RGR, expressed as a percentage of mean growth of
controls) was estimated for each individual as DWTi/DWTc x 100, where i = individual
and c = control. Fresh plant material harvested for proline analysis was stored in sealed
plastic bags at -86 °C.

2.6

Selection of Plant Material for Analysis

Leaf samples taken from the top (apical region), middle (fully expanded leaves below
softer new growth) and bottom (lowest leaves along main stem) were trialed for proline
levels in E. camaldulensis. As there was little difference in proline concentrations
between the three regions and some species shedding lower leaves in response to stress at
higher salt concentrations, 0.5 g of apical shoot growth was used for the proline analysis.
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2.7

Proline Measurement

Proline content was determined according to the method of Bates, Waldron & Teare,
(1973). Proline was extracted from finely ground leaf material (0.5 g) with 10.0 mL of
3% sulfosalicylic acid. Two millilitres of extract was reacted with 2.0 mL acid-ninhydrin
and 2.0 mL of glacial acetic acid for 75 minutes at 100 °C. An ice bath was used to
terminate the reaction. The reaction mixture was extracted with 4.0 mL of toluene and
vortexed. Absorbance of the toluene layer was read in a UV/V spectrophotometer at
520 nm.

Proline concentration (µmoles / g fresh weight) is calculated as:

 g proline / mL  mL toluene 


115
.
5
ug
/

mole

  moles proline / g f weight
 g sample 


5
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2.8

Mannitol and Glycine Betaine Measurement

Extraction:
Trials were conducted for the possibility of determining mannitol (a sugar alcohol) and
glycine betaine (a quaternary ammonium compound) concentrations in plant material (E.
camaludulensis subject to 200 mM NaCl). Fresh plant material (0.20 g) was frozen with
liquid nitrogen and crushed to a fine powder. The plant material was quantitatively
transferred to a centrifuge tube. Mannitol and glycine betaine were extracted with 80 %
ethanol (5.0 mL) for 10 minutes. The samples were shaken to aid extraction and kept at
4 °C to minimize degradation. The extract was then centrifuged and the supernatant
removed. The extraction process was repeated with a fresh aliquot of 80 % ethanol (5.0
mL). The supernatants were combined.

Sample preparation for GC analysis – chemical derivitisation:
An aliquot (1.0 mL) of the supernatant was transferred to a 2 mL glass vial and the
solvent evaporatated off over a stream of dry air. The residue was taken up in 150 µL
pyridine. The sample was vortexed briefly to aid mixing. Butyldimethylsilyltrifluoroacetamide (BSTFA) (150 µL) was added to derivitise the samples.

The samples were analysed directly by gas chromatography (GC). The analysis was
completed using a Varian 3400 GC fitted with a split/split-less injector, flame ionisation
detector and a Varian 9200 auto-sampler. Helium was used as the carrier gas with a flow
rate of 1.0 mL/min. The components were separated on a 30 m x 0.2 mm column with a
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0.25 μm film of DB5 stationary phase (Alltech, Australia). The injector temperature was
set at 250 oC and operated in the split-less mode. The column was maintained at 60 oC
for 2 minutes then ramped to 150 oC at 20 oC.min-1 and further ramped to 300 oC at 4
o

C.min-1. Standard solutions of mannitol and glycine betaine were prepared (500 µM) to

confirm peak identification.

Despite several attempts to determine glycine betaine using this method it was never
detected in the standards. As only trace levels of mannitol were detected in the plant
samples, it was determined after significant trials that this method would be unable to
assist in providing useful information regarding the production of these osmolytes.

2.9

Data Analysis

Statistical analysis was conducted by ANOVA using SPSS version 11, on the complete
data set obtained (nine replicates per treatment). The effect of treatment within a seed
source was tested using 1-way ANOVA of RGR and proline level. The effect of each
treatment between species was tested by 2-way ANOVA of both RGR and proline levels.
Where variances between treatments were found to be significantly different using
Levenes test (p = 0.05) a natural log10 transformation was performed. When significant
differences were found due to treatment within seed sources, Tukey’s multiple range test
was performed.
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CHAPTER 3: RESULTS

3.1

Overview

The exposure of all three species to salt and/or waterlogging stress clearly brought about
considerable differences in survival, relative growth and proline production. From this
data it is possible to broadly group the species according to their relative
salt/waterlogging tolerance. In both the salt and waterlogging experiments, C. quadrifidus
exhibited the highest mortality and greatest growth reduction of the species examined. E.
camadulensis and M. uncinata, however, had similar responses with generally higher
survival and lower reduction in growth (with variation within the species), indicating that
these two species would be considered to have greater tolerance of salt and waterlogging.

Significant differences in relative growth and proline production were observed between
seed sources in each experiment. The most valuable comparisons, therefore, exist within
species where the differences between seed sources provide information about their
relative salt and waterlogging tolerance. Because of these differences, a clearer picture of
what might be occurring is gleaned by examining responses within species.
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3.2

Salt Experiments - Survival, Relative Growth and Proline Production

Survival rates were maintained at 100% for all species at the control, 50 mM and 100
mM salt concentrations, but gradually decreased when salt levels were further increased.
The same mortality rate (2 individuals) was observed for the non-salt affected (NSA) and
salt affected (SA) seed sources of C. quadrifidus, NSA and YAN94 E. camaldulensis and
NSA M. uncinata at 200 mM, while STON09 and NSA M. uncinata maintained 100%
survival with this treatment (Table 3.1). At 400 mM both provenances of C. quadrifidus
and STON09 had no surviving individuals, while NSA and YAN94 E. camaldulensis had
23% and 44% survival, respectively. M. uncinata were most capable of withstanding the
highest salt concentration with 67% of the NSA and 89% of the SA seed sources
surviving at 400 mM.
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Table 3.1: Percentage survival of C. quadrifidus, E. camaldulensis and M. uncinata when
exposed to 0, 50, 100, 200, or 400 mM NaCl.

Treatment

C. quadrifidus

E. camaldulensis

M. uncinata

NSA

SA

NSA

YAN94

STON09

NSA

SA

Control

100

100

100

100

100

100

100

50 mM

100

100

100

100

100

100

100

100 mM

100

100

100

100

100

100

100

200 mM

88.8

88.8

88.8

88.8

100

88.8

100

400 mM

0

0

22.2

44.4

0

66.6

88.8

NSA = seeds collected from non-saline areas, SA = seeds collected from saline areas.
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For each species tested, exposure to various levels of salt brought about significant
difference in the relative growth between the seed sources. Relative growth was
negatively correlated with salinity in all seedlings except SA M. uncinata. For these
seedlings there was no significant reduction in growth, however, survival was reduced to
88.8%.

Seedlings from both seed sources of C. quadrifidus exhibited a significant reduction in
growth (approximately 40%) when salt concentration reached 200 and 400 mM NaCl
(Fig. 3.1a). The seed source and seed source/treatment interactions were not significant
(p = 0.709 and 0.841 respectively), indicating that seedlings from both seed sources had a
similar negative response to salt application.

In terms of proline production, there was a clear difference between the two
C. quadrifidus seed sources which was most evident through a significant (p = 0.004)
seed source/treatment interaction. While NaCl treatments induced significant differences
(p = 0.041) in proline production for the NSA seedlings with apparent increases at 50,
100 and 200 mM, these differences were not discernible using Tukey’s test (Fig. 3.1b).
For SA seedlings, however, proline gradually increased with the 50 and 100 mM NaCl
treatments, peaking at 200 mM. At 400 mM the levels were reduced to the same levels
achieved with the 100 mM NaCl treatment (Fig. 3.1b).

34

(a)

a x

NSA
SA

x

120
ab x
ab

100
80
60

bc xy

40

c y

20
0
control 50

100

200

400

Salt concentration (mM)

Leaf proline concentration (mol g-1 fwt)

Relative growth rate (%)

140

18

(b)

z

NSA
SA

16
14
12

a

10

y

a

8

xy
a

6
4

a

a wx
w

2
0
control 50

100

200

400

Salt concentration (mM)

Figure 3.1: Relative growth (a) and proline concentration (b) of C. quadrifidus exposed to
0 - 400 mM NaCl over 12 weeks. NSA represents non salt-affected seed source, SA represents
salt-affected seed source.Vertical lines = standard errors, letters above bars within a seedling line
represent significant differences (p<0.05, Tukey's B) between treatments
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Growth declined consistently with increasing increments of salt in all the seed sources of
E. camaldulensis. There was, however, a significant difference (p = 0.004) between the
seed sources with NSA being least affected and only showing significant reduction in
growth at 400 mM (Fig. 3.2a). For the other two seed sources significant reductions
occurred at 100 mM where the growth of YAN94 declined by 65%, and STON09 by 55%
compared to the controls (Fig 3.2a).

For each of the three E. camaldulensis seed sources there was an increase in proline
concentration as the levels of NaCl in the growth medium increased (Fig. 3.2b), reaching
a maximum at 200 mM (STON09) and 400 mM (NSA and YAN94). There was no
significant difference between the seed sources (p = 0.788) nor the seed sources/treatment
interaction (p = 0.331). This suggests that all seed sources were producing similar
amounts of proline at each of the salt treatments.

36

120

(a)

NSA
YAN94
STON09

px
a

100
ap x

80

a
a

60
y

40

y

q
q

20

b q
z

0
control 50

100

200

400

Salt concentration (mM)

Leaf proline concentration (mol g-1 fwt)

Relative growth rate (%)

140

4

3

b

ab
q
y

xy

y

ab
pq

2

ab
p
p

1

(b)

r
NSA
YAN94
STON09

x

xy

a

0
control 50

100

200

400

Salt concentration (mM)

Figure 3.2: Relative growth (a) and proline concentration (b) of E. camaldulensis seedlings
exposed to 0 - 400 mM NaCl over 12 weeks. NSA represents non salt-affected seed sources,
YAN94 and STON09 represent salt-affected seed sources. Vertical bars = standard errors,
different letters above bars within a seedling line represent significant difference
(p<0.05, Tukey's B) between treatments
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The relative growth of the two M. uncinata seed sources were significantly different from
each other (p = 0.000) with the SA seedlings being less affected by the presence of NaCl.
For the SA seedlings, relative growth was unaffected at 50 to 200 mM NaCl and it was
not until the plants were grown in 400 mM that there was a reduction in growth (Fig.
3.3a). For NSA seedlings, however, there was an immediate growth reduction with plants
exposed to 50 mM NaCl having only 60% growth compared to the controls and a further
reduction to 30% at 400 mM NaCl. The SA M. uncinata could be considered the most
salt tolerant of the species and seed sources tested in this experiment, as its growth only
began to decrease at 400 mM and it maintained the highest survival rates at this salt
concentration.

Proline levels increased with salt concentration for both provenances of M. uncinata,
(Fig. 3b) with the two seed sources displaying similar trends (p = 0.686). Proline levels
remained relatively consistent at control, 50 and 100 mM NaCl for both provenances, but
increased significantly at 200 mM, resulting in a significant effect of treatment (p =
0.000), that shows a correlation between proline levels and relative growth. The
provenance/treatment interaction was not significant (p = 0.208), with both provenances
responding to the treatments similarly.
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Figure 3.3: Relative growth (a) and proline concentration (b) of M. uncinata seedlings exposed
to 0 - 400 mM NaCl over 12 weeks. NSA represents a non salt-affected seed source, SA
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3.3

Waterlogging Experiments - Survival, Relative Growth and Proline

Production

The inclusion of waterlogging had a much greater impact on mortality than the salt only
treatments. The three E. camaldulensis seed sources maintained 100% survival in the
waterlogging only conditions, while survival rates of C. quadrifidus and M. uncinata fell
considerably (Table 3.2). Three (33.3%) NSA and four (44.4%) SA C. quadrifidus
individuals and no NSA and three (33.3%) SA M. uncinata survived waterlogging with
no salt.

The combination of salt and waterlogged conditions brought about a marked decrease in
survival for all species. When waterlogging was combined with 200 mM NaCl for the
two C. quadrifidus seed sources only one (11.1%) SA seedling survived and at WL400
none survived. Survival rates of E. camaldulensis also declined at WL200, with mortality
of three (33.3%), five (55.5%) and four (44.4%) of the NSA, YAN94 and STON09 stock
respectively. NSA and YAN94 were the only two E. camaldulensis seed sources to have
individuals able to withstand both waterlogging and 400 mM NaCl, with three (33.3%)
and four (44.4%) seedlings surviving respectively. The survival rates of the M. uncinata
seed sources did not change between WL0 and WL200 and no individuals survived
WL400.
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Table 3.2: Percentage survival of C. quadrifidus, E. camaldulensis and M. uncinata when
exposed to control, waterlogged, waterlogged 200 or waterlogged 400 mM NaCl.

Treatment

C. quadrifidus

E. camaldulensis

M. uncinata

NSA

SA

NSA

YAN94

STON09

NSA

SA

Control

100

100

100

100

100

100

100

WL0

33.3

44.4

100

100

100

0

33.3

WL200

0

11.1

44.4

66.6

55.5

0

33.3

WL400

0

0

33.3

44.4

0

0

0

NSA = seeds collected from non-saline areas, SA = seeds collected from saline areas.
WL0 = waterlogged, WL200 = waterlogged + 200mM NaCl, WL400 = waterlogged +
400 mM NaCl
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The relative growth of both the NSA and SA provenances of C. quadrifidus decreased
with waterlogging, although the SA individuals seemed better able to maintain growth in
the waterlogged conditions. Exposure to waterlogging resulted in considerable decline in
growth, with approximately 65% and 55% reduction in relative growth in NSA and SA
C. quadrifidus respectively (Fig. 3.4a). These observed differences between provenance
were statistically significant (p = 0.002) as was the effect of treatment (p = 0.000) and the
seed source /treatment interaction (p = 0.009).

Proline levels increased with exposure to waterlogging for NSA C. quadrifidus, yet
remained at a relatively consistent concentration independent of the amount of salt
applied (Fig. 3.4b). The proline concentrations of SA plants increased with salt. The
difference between provenances was not significant (p = 0.295), yet both treatment
(p = 0.000) and the provenance/treatment interaction were (p = 0.023). The effect of
treatment was found to be significant (p = 0.000) for SA seedlings but not significant
(p = 0.190) for NSA seedlings. The increase in proline that occurred in the SA seedlings
was similar to that observed in the salt only experiment (Fig. 3.1b).

42

(a) a x

NSA
SA

120
100
80
xy

60
b

yz

40

z

b

20

c
0

control

WL0 WL200 WL400

Treatment

Leaf proline concentration (mol g-1 fwt)

Relative growth rate (%)

140

14
12

y

NSA
SA
a

(b)

y

10

a

a

8
6

a
x

4

x

2
0

control

WL0 WL200 WL400

Treatment

Figure 3.4: Relative growth (a) and proline concentration (b) of C. quadrifidus seedlings
exposed to 0 - 400 mM NaCl and waterlogging over 12 weeks. NSA represents a non salt-affected
seed source, SA represents a salt-affected seed source. Vertical lines = standard error, different
letters above bars within a seedling line represent significant difference (p<0.05, Tukey's B)
between treatments
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In E. camaldulensis, waterlogging brought about an obvious (but not significant) growth
surge of between 50% and 100% (Fig. 3.5a). At WL200, the relative growth of YAN94
and STON09 rose beyond that of the controls and only decreased significantly (by
approximately 10%) for NSA E. camaldulensis. Despite these differences in growth,
there was not a significant difference in relative growth between the three seed sources
(p = 0.937), although there was between treatments (p = 0.000), with each seed source
exhibiting a reduction in growth at WL400 compared to WL0. The three E.
camaldulensis seed sources responded similarly to treatment (p = 0.628).

Exposure to waterlogged only conditions produced variable proline concentration in the
E. camaldulensis seed sources (Fig. 3.5b). While the proline concentration of all seed
sources rose substantially with waterlogging, proline concentration of the NSA and
STON09 were considerably higher at WL0 than at WL200, while YAN94 peaked at
WL400. These differences between seed sources were considered to be significant
(p = 0.005) as was the effect of the treatment (p = 0.000). Treatment again influenced
proline production within each of the three seed sources (p = 0.000 for each). The seed
source/treatment interaction was also significant (p = 0.000).
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The growth of the two M. uncinata seed sources only began to slow when the
waterlogging was combined with salt (Fig. 3.6a). This was evident at both
waterlogged/salt treatments with growth significantly (p = 0.000) reduced by
approximately 50% at 200 mM and 40% at 400 mM. The differences between seed
sources and seed source/treatment interactions were not significant (p = 0.106 and p =
0.386 respectively) suggesting that both seed sources showed similar trends.

The imposition of waterlogging brought about a dramatic and significant difference in the
proline concentration of the two M. uncinata seed sources (p = 0.000). While there was
no difference in the proline levels of the NSA seedlings in the waterlogged treatment
compared to the control, the SA seedlings had approximately 10 x increase (Fig. 3.6b).
This increase was maintained at WL200 and WL400 for the SA provenance and equalled
by NSA seedlings at these salt concentrations (Fig. 3.6b). This produced a clear
difference between the two seed sources supported by a significant effect of treatment
(p = 0.000) and species/treatment interaction (p = 0.000).
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3.4

Water Consumption and Plant Health Observations

Water consumption results were not pursued as it was determined that they did not
provide useful information on the relevant salt tolerance of plants. As expected, water
consumption increased when salt was initially applied, but decreased when growth
slowed, presumably due to the effect of treatment.

Plants exposed to salt and waterlogging shed their lower leaves in favour of maintaining
apical growth when under stress. Only apical leaves remained on plants suffering the
greatest stress, which was generally all seed sources at 200 mM NaCl and above in the
salt experiment and C. quadrifidus and M. uncinata with waterlogging. In this case,
apical shoots typically looked pale and chlorotic. In C. quadrifidus, in particular, leaves
of both NSA and SA plants exhibited very pale new growth with a purple discolouration
at 200 mM NaCl and above.

Growth slowed at approximately week four for both C. quadrifidus seed sources when
exposed to 100 mM and above and at approximately week six for the three E.
camaldulensis seed sources exposed to 200 mM and above in the salt experiment. Growth
then picked up again around week eight for the E. camaldulensis seed sources following
the second application of the salt/nutrient solution. This growth was maintained for
approximately three weeks before slowing again. Growth of M. uncinata in the salt
experiment only started to slow at approximately week nine.
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Following exposure to waterlogging, the growth of C. quadrifidus and M. uncinata were
generally quite slow (compared to the controls), but declined even more at approximately
week six for both WL200 and WL400. The three E. camaldulensis seed sources,
however, responded positively to waterlogging and growth increased for the duration of
the experiment. The growth of the three seed sources at WL200 increased for
approximately five weeks before slowing and the growth of WL400 increased for only
two weeks before slowing considerably and ceasing.

Formation of aerenchyma was only observed on the three E. camaldulensis seed sources
and was present in both the salt and waterlogging experiments. Its production was limited
and due to the low amounts harvested off individuals and the variable group size (due to
mortality differences) it was determined to use observational rather than quantitative
assessment to determine differences between treatments. The highest aerenchyma
production was observed on individuals in the WL0 treatment. In general there was
marginally more aerenchyma produced on individuals in combined saline/waterlogged
conditions than in the salt only experiment and the amounts produced typically decreased
with increasing salt concentration.
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CHAPTER 4. DISCUSSION

4.1

Salinity Experiment

4.1.1 Growth Response and Physical Effects

General Overview

Exposure to saline conditions clearly had an adverse effect on the growth and survival of
the seven seed sources observed in these glasshouse trials. Despite this, significant
variation between species and seed sources was witnessed, with some individuals
exhibiting exceptional salt tolerance at the highest levels tested. The results suggest that
the response of members of the Myrtaceae family to saline conditions is variable and that
provision of seed source trials is necessary to select individuals or seed sources most
capable of withstanding saline conditions.

The premature senescence of older leaves in favour of maintaining the expanding
photosynthetic leaves in the apical regions of plants used in the present experiment would
most likely be due to excess sodium ions being translocated to mature leaves, therefore
creating much stress (Lutts et al., 1999; Munns, 2002). Essentially, if the saline stress
proves too severe, the total photosynthetic area of a plant could decline to levels too low
to sustain vegetative growth, preluding the eventual death which was witnessed following
some treatments.
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Following an initial slowing and cessation of vegetative growth across all species tested,
signs of nutrient deficiency and then leaf senescence and abscission were the most
visible signs of response to saline conditions. An initial wilting of soft apical growth with
exposure to saline conditions gives evidence of the role of osmotic effects, yet this seems
to have been overcome within a few days, probably due to homeostatic responses such as
the suggested translocation of salt away from these areas.

It was considered that the mottling and scorched appearance of leaves was predominately
due to the toxic effect of excessive Na+ and Cl- as opposed to osmotic influence. Damage
from excessive chloride is typically the first injury from excess salt, becoming evident as
chlorosis along the margins of broad leaf plants, followed by scorching of the leaf tissue.
Leaf mottling and necrotic patches typically indicate damage from Na+ accumulation
(Kozlowski, 1997).

Alternatively, it is possible that any of the mottling, chlorosis or necrotic lesions observed
may in fact be due to potassium deficiency. Potassium is a highly mobile macronutrient,
so insufficient levels were unlikely to be observed early in the experiment as it was
moved from older or senescing leaves to photosynthesizing new growth. It is also
possible that later into the experiment the supplies of K+ were inadequate to keep up the
demand required during heightened exchange of Na+ for K+ in osmoregulation, as well as
its numerous other roles such as activating enzymes and protein synthesis (Hopkins,
1999).
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The most severe response to the salt stress was death. The NaCl concentration at which
higher mortality rates commenced, the rate at which mortality occurred and at what stage
of the experiment it occurred separated those seed sources attempting to control the
negative situation through some degree of salt tolerance and those capable of doing little
other than succumbing. The three species tested all had some degree of tolerance to salt,
but 200 mM NaCl marked a broadly defined threshold at which some individuals had
reduced growth.

Relative Salt Tolerance

Discerning the difference between plants capable of growing in highly saline soils as
opposed to plants exhibiting high salt tolerance is somewhat confusing. Neither soil
salinity nor plant salt tolerance can be determined by a clear-cut scale, as numerous
factors determine the extent of each. For example, the level of salt present in soil can be
influenced by texture and soil type (clay will hold more NaCl than sand), climate and the
salinity of discharging groundwater. Given these incidentals and comparing levels
ascertained by various organizations, low soil salinity may range anywhere from 0 – 56
mM NaCl, moderate soil salinity 38 – 130 mM NaCl, high soil salinity 61 – 160 mM
NaCl and extreme soil salinity may be 81 – 160 mM NaCl or more (Agriculture Western
Australia, 2003). There is clearly some overlap in these figures which makes it difficult to
define the severity of a salinity problem. For the purposes of this experiment, levels
determined by the Department of Agriculture, Western Australia (2003) were used as soil
salinity guidelines, with non-saline being below 20 mM NaCl, low salinity ranging from
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20 – 40 mM NaCl, moderate salinity 40 – 80 mM NaCl, high salinity 80 – 160 mM NaCl
and extreme salinity any level above 160 mM NaCl.

The salt tolerance of a plant can also be influenced by a number of factors, including soil
type, depth to watertable, salinity of watertable, rainfall, waterlogging and climate.
Again, different thresholds may be used by various organizations to differentiate between
the comparative salt tolerances of species. Bell (1999) recognizes salt tolerance as the
highest salt level at which an individual of the species can survive. Intolerance to salt is
viewed as not being able to survive 100 mM NaCl, mildly tolerant individuals 100 mM
NaCl, moderately tolerant 200 mM NaCl, highly tolerant 300 mM NaCl and very highly
tolerant 400 mM NaCl. These thresholds will be used to interpret the results in the
present experiment. The discrepancy between the thresholds of plant salt tolerance and
soil salinity levels shows that although a soil may be extremely saline (over 160 mM
NaCl) a plant with only moderate salt tolerance (to 200 mM NaCl) may be able to grow
there, depending on other factors involved.

C. quadrifidus

The fact that C. quadrifidus was the first to slow its growth and was unable to survive the
highest salt levels imposed indicates that it may be less useful than other species in the
rehabilitation of saline landscapes. The majority of plants were able to tolerate 200 mM
NaCl, but beyond this survival rates were negligible. This, however, does not negate a
role for this species in saline landscapes, as ability to withstand 200 mM is considered
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particularly tolerant and may be quite useful in a number of situations. According to soil
salinity levels this species may be able to survive in high to extremely saline soils, but
this is not necessarily recommended due to the deterioration of plants under this stress.

It is suggested that this species would be most appropriately used in the outer,
moderately-affected fringes of saline landscapes and used as an understorey species,
teamed with other deep rooted species capable of reducing water table levels in areas
considered to have a high-risk of becoming saline. This is due to the high level of leaf
shed (in favour of maintaining apical growth) witnessed in species tolerating 200 mM
NaCl. Both for ecological purposes (ability to produce habitat, food and shelter) and
aesthetic purposes it would appear more practical to grow this species at levels lower than
200 mM NaCl where it can maintain a more ‘normal’ growth habit.

M. uncinata

The M. uncinata seed sources managed to sustain more consistent growth and the
majority of individuals survived 400 mM NaCl, indicating that the species may be the
most salt tolerant of those tested. This very high salt tolerance renders it of potentially
significant value for use in saline areas. As the relative growth rate of the SA seed source
was still 70% of the control at 400 mM NaCl, it is quite likely that this seed source is able
to withstand and continue growing at levels beyond those tested. These results are
consistent with those obtained in a previous study, which indicated M. uncinata is
capable of tolerating 400 mM NaCl (Bell, 1999).
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Given the impressive results achieved in this experiment, this species is likely to have
high value in the rehabilitation of landscapes already impacted by salt. Should more
provenances of M. uncinata prove as tolerant as those used in this experiment, this
species could become a key to rehabilitating salt-affected landscapes.

E. camaldulensis

The response of the E. camamldulensis seed sources varied, but showed that it is certainly
a species worth targeting for high salt tolerance. All three seed sources of this species
proved themselves moderately salt tolerant by surviving 200 mM NaCl and some NSA
and YAN94 individuals showed extreme salt tolerance. As the majority of individuals
were able to tolerate 200 mM it is likely that they may be able to survive higher salt
levels than this. Given these results, it appears that all of the E. camaldulensis seed
sources tested in this experiment show potential for use in highly saline landscapes.
Previous study indicates that although E. camaldulensis is considered highly salt tolerant,
it is not capable of surviving beyond 300 mM NaCl (Bell, 1999; Grieve, Guzy, Poss &
Shannon, 1999). The results from the current experiment are an improvement on those
observations and indicate that although much work on seed source selection of this
species has already been conducted, further work may be necessary to update knowledge
on the extent of tolerance of some species with proven salt tolerance.

E. camaldulensis is generally a very fast growing species (Cunningham, Mulham,
Milthorpe & Leigh, 1981; Brooker & Kleinig, 1996). Given this trait, the growth rate
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reduction of two of the seed sources to approximately 20% of the control at 400 mM may
still result in a higher growth rate than some other species able to tolerate this level of
salt. Speed of growth can be an important factor when considering species best suited to
grow in saline areas, as those species with a tap-root system and fast rate of growth, such
as E. camaldulensis (Bell, van der Moezel et al., 1993) may be able to more rapidly assist
in slowing rising water tables, an important step in tackling dryland salinity.

4.1.2

Proline accumulation

Proline levels rose to varying degrees in each of the species tested, ranging from a twofold increase in NSA C. quadrifidus and STON09 E. camaldulensis to eight-fold in NSA
and SA M. uncinata. An increase in proline levels in plants suffering from salinity stress
may assist in maintaining the relatively high water content required for growth and
cellular processes (Mattioni et al., 1997). It is believed that the proliferation of
compatible omolytes causes lowering of cell osmotic potential, therefore allowing
additional water to be taken up from the environment, playing an invaluable role in
minimizing the initial effects of water shortage (Ramanjulu & Sudhakar, 2000) and
maintaining cell turgor for continual growth (Ashraf, 1994).

Although proline levels rose with imposition of salt in this experiment, it was uncertain
as to whether increase in concentration could be considered high enough to conclude that
proline was functioning as an osmoprotectant by significantly lowering osmotic potential.
Despite considerable research on numerous species, it is unclear whether proline
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accumulation is a response to cope with water stress, or a biochemical change resulting
from stress injury (Sundaresan & Sudhakaran, 1995).

Despite an approximately 3-fold increase in proline accumulation in Vitis vinifera to 9.5
ug/g fwt this was not considered significant enough to be associated with osmotic
adjustment in this species. In addition, the presence and function of proline as an
osmoregulator were considered negligible in E. microtheca. Although proline levels
increased at 300 mM, they generally decreased at 600 mM and were not considered
sufficient to assist in the osmotic management of salt stress in this species (Prat & FathiEttai, 1990). A similar conclusion was reached by (Morabito et al., 1996), who
determined that despite proline levels increasing approximately 16-fold to
17µmoles.g-1DWT salt tolerance was not aided.

Considering the relatively low levels of proline accumulated by plants in this experiment
(relative to previous studies) and the minimal enhancement of growth and/or survival in
individuals that accumulated the highest amounts (relative to control levels), it would
appear unlikely that proline is an effective osmolyte in the species tested.

Although proline accumulation may not confer osmotolerance in the species tested, this
does not necessarily deny alternative adaptive roles. Osmoregulatory roles other than
osmotic adjustment, such as morphological or physiological mechanisms may be
influenced by the presence of higher than usual levels of proline. The alternative roles for
the accumulation of proline have been postulated and may be of significance for the
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species examined in this work (Yancey, Clark, Hand, Bowles & Somero, 1982; Samaras
et al., 1995; Bonhert & Jensen, 1996; Apse & Blumwald, 2002).

It is believed that proline can also assist in the accumulation of nitrogen and act as a
reservoir of nitrogen and carbon sources (Ashraf, 1994; Somal & Yapa, 1998; Lin et al.,
2002). The pale new growth observed in C. quadrifidus, however, is commonly
indicative of a deficiency in nitrogen. The obvious rationalization is that the levels of
nitrogen produced were not sufficient to allow both adequate production of proline and
maintenance of alternative functions. Given that nitrogen is highly mobile and able to be
shifted from areas of low to high demand and that many of the older leaves had been shed
prior to the chlorosis becoming apparent, it would appear that the plants simply did not
have enough nitrogen to deal with demand.

Nitrogen was supplied to plants twice within the 12 week experiment, yet this did not
appear to provide great enough stores for C. quadrifidus beyond 50 mM NaCl, either due
to this species being a hungry nitrogen feeder or because it was being used for other
purposes, such as the manufacturing of proline. The fact that a purplish tinge was noted
on many leaves shows an overproduction of anthocyanin, indicating that the nitrogen
deficiency may have been quite severe (Hopkins, 1999).

There appears to be little literature which provides a comparison between the proline
production and nutrient status of plants. This may be of use, as the current research
indicates that nitrogen levels of plants may decrease with increased production of proline.
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This could incur ramifications on both plant health and growth rates. To determine if
there is in fact a correlation between nitrogen and proline levels in these (or any) species,
it would be necessary to monitor proline fluctuations at regular intervals for the duration
of the experiment and link this with noticeable nitrogen variation.

In cowpea, for example, the relatively low level of proline accumulation (approximately
3-fold) was not considered to be due to an osmoregulatory function, but rather as a
consequence of nutrient deficiency. Limitation of nutrients coupled with salt stress
brought about a slight increase in proline, but a significant increase was noted when
sulphur deficiency and salt stress were combined (Somal & Yapa, 1998). Although it is
unlikely that the plants of this experiment suffered nutrient deficiency due to fertilizer
application, it exemplifies the possibility of proline production intensifying to counteract
the associated effects of salt-induced stress.

Delauney & Verma (1993) established that salt-induced proline synthesis does not always
occur rapidly. It begins only when cell injury is evident, with the resultant elevated
proline levels being maintained for as long as a month after stressed cells are returned to
normal osmotic conditions. Although salt was applied incrementally in this experiment, if
severe cell and metabolic damage occurred rapidly, then a delayed and gradual rise in
proline may not have been particularly effective in maintaining a healthy internal status
quo. (Mattioni et al., 1997) found that most proline is synthesized de novo in T. durum.
Depending on just how efficiently this process occurs has ramifications on the
effectiveness of the stress response. In T. durum, it took approximately 48 hours before
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the maximum proline level was reached. If the damage done prior to this is severe
enough, those individuals without alternative means of avoiding salt harm may be at risk
of suffering irreversible effects. This may suggest that proline accumulation is a
consequence of other stress-induced changes in metabolism (Delauney & Verma, 1993).

The results of the present experiment may indicate that proline is involved in minimizing
the effects of a certain form of cell damage or metabolic response for example, and not
simply adjusting the intracellular osmotic potential. This is in keeping with work on
bacteria which indicate that proline enhances the stability of proteins and membranes in
environments of low water activity or high temperature (Csonka, 1989). In this way, a
role in the secondary response to salt stress may be just as important, albeit
fundamentally different, to the primary responses brought about by signal transduction.

Unfortunately, it is not possible to deduce from this study how long salt stressed plants
would have survived without their heightened proline production, and therefore its
relative effectiveness in counteracting saline conditions. It can only be assumed that the
overproduction of this compatible solute was related (directly or indirectly) to increased
salt stress, but the role higher levels of proline had to play and its level of efficiency in
combating potentially lethal saline damage can only be speculated. It is possible that
plants may have experienced a hastened death had proline concentrations not risen to the
levels witnessed, however a greater understanding of the specific effects of proline on
cellular and metabolic processes is required before an appreciation of its role can occur.

60

4.1.3

Seed Source Response - Growth and Survival

C. quadrifidus

C. quadrifidus, which is neither a common wheatbelt species nor one typically associated
with saline environments, showed moderate ability to tolerate salt. Given its normal range
in less challenging areas, it would be valid to expect that this species has no need to
harbor enhanced salt combating abilities.

Although the seeds of the SA C. quadrifidus used in this experiment were collected from
one plant and the resultant plants produced encouraging results in the glasshouse, these
did not differ greatly from those obtained from the NSA seed source. It was assumed that
the close proximity to a saline drainage system of the SA parent plant created a need for
this individual to possess some salt-tolerating adaptations to enhance its ability to avoid
the consequences of saline soil. The lack of significant difference between the seed
sources indicate, however, that this was not necessarily the case and seed source was not
of importance for this species in the present experiment.

M. uncinata and E. camaldulensis

The significant difference in relative growth rate between seed sources in E.
camaldulensis and M. uncinata indicate the degree of variation that can be present
between seed sources of the same species and the importance of screening enough plants
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from a variety of habitats to detect variation and pinpoint individuals with desirable traits.
Furthermore, the variation in survival obtained between seed sources from these two
species adds to the importance of screening seed sources when considering plants for
rehabilitation trials.

It would seem reasonable to assume that plants known to survive in more saline
environments would display greater salt tolerance than those in unaffected areas. This
appears to be the case for at least some species. The increased survival rates of SA M.
uncinata and E. camaldulensis are likely to be improved with a larger test population, yet
the difference noted is large enough to show the variation between seed sources for
species which have a degree of salt tolerance. As these two species have scattered
populations occurring in environments of varying salinity, it would be expected that they
possess adaptations of varying degrees to assist in counteracting the damaging effects of
salt.

4.1.4

Proline Accumulation

C. quadrifidus

The significant difference between the treatment x seed source interaction of the two C.
quadrifidus seed sources was considered important as the proline levels were higher in
the individuals obtained from a parent plant considered to have a heightened degree of
salt tolerance. The difference in proline levels between the two seed sources is likely to
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indicate a reliance on this amino acid in times of stress for seed sources adapted to saline
conditions. The increased proline levels in the salt-affected seed source can be attributed
to any one of the previously postulated alternative purposes of this compatible solute, in
an attempt to maintain a stabilized internal environment.

For example, a higher amount of proline was observed to accumulate in the more salt
tolerant clone of E. microtheca, yet was determined unlikely to play an osmoprotective
role due to its relatively low level of proliferation (Morabito et al., 1996). The higher
accumulation of proline in one cultivar of Brassica napus (Canola) than another was also
attributed to its salt tolerance (Qasim, Ashraf, Ashraf, Rehman & Rha, 2003).

M. uncinata and E. camaldulensis

The fact that the treatment x seed source interaction of both E. camaldulensis and M.
uncinata was not significant suggests similarity in the response of each seed source,
regardless of the concentration of salt applied. In this case, the results indicate that
proline levels did not rise significantly in response to the application of varying amounts
of salt between seed sources.

Although proline levels were generally higher in the salt-affected seed sources in
response to saline conditions, the difference between seed sources was not statistically
significant. This is not surprising, for as a group, the proportional increase in proline of
the treatments compared to the control concentrations was generally not very high. In
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tomato, proline accumulation was found to be higher in the salt sensitive cultivar than the
tolerant wild species in one study, yet the reverse was true for other experiments (SantaCruz et al., 1999).

4.2

Waterlogging Experiment

4.2.1 Growth Response and Physical Effects

General overview

As waterlogging events produce a unique environment with many negative
consequences, those plants not adapted to tolerate such conditions will cease growing and
may not survive. Growth reduction, growth cessation and death were observed in both
C. quadrifidus and M. uncinata in this experiment. These results are comparable to those
seen in species where growth reduction occurred initially in the roots before moving on to
the shoots following waterlogging (Barrett-Lennard, 2003).

A number of factors are likely to have been involved in this decline in growth, as
waterlogging has many negative effects that can be imparted to a plant’s metabolic and
homeostatic processes. Possibly the greatest problem generated by water saturated soils is
the oxygen starvation to the root system. The imbalance between the slow diffusive
capacity of oxygen in water and the consumption rates by roots and soil organisms
creates this problem (Vartapetian & Jackson, 1997). A substantial decrease in aerobic
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respiration results, which has the flow-on effect of decline in energy production for
cellular processes. The switch to anaerobic processes equals a decline in ATP production
coupled with the formation of toxic end products such as ethylene (Kozlowski, 1997).

The decreased growth rates and higher mortality of C. quadrifidus and M. uncinata in this
study clearly show that when combined with salt stress, the adverse effects of
waterlogging are exacerbated. The lower levels of oxygen surrounding the root-zone
during periods of inundation have a negative impact on a plant’s ability to exclude Na+
and Cl-. It is suggested that this is due to the relatively high demand for energy brought
about by anoxic stress combined with a decrease in selectivity for K+ compared to Na+.
This in turn means that there will be higher transport of Na+ from the xylem to shoot tips,
putting attempts to transport toxic levels of Na+ and Cl- ions away from the new growth
to the older senescing leaves into overdrive and ultimately hastening death of all shoots.

Other problems that may be encountered during times of waterlogging include a
reduction in stomatal conductance, photosynthesis and transpiration. Membrane integrity,
transport of nutrients and retention of ions and small metabolites by roots may also be
affected in plants subjected to waterlogging. The regulation of cytoplasmic pH and
membrane potentials is an additional offset of these problems (Barrett-Lennard, 2003).
The combination of all these negative impacts can ultimately lead to rapid senescence at
the cellular, tissue and whole plant level (Malik et al., 2002), which would explain the
high mortality observed in C. quadrifidus and M. uncinata.
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C. quadrifidus

The initial rapid decline in relative growth rate with imposition of waterlogging in both
seed sources of C. quadrifidus indicates that this species struggled to tolerate anoxic
conditions. Combined with a considerable decline in survival with waterlogging, it is
suggested that this species is not equipped to cope with waterlogging.

Compared to the salt-only experiment, growth reduction was generally exacerbated with
the combination of waterlogging and salinity in C. quadrifidus. The majority of
individuals were able to withstand 200 mM NaCl, yet only one survived WL200. As
more plants died from WL0 than from 200 mM NaCl it could be assumed that
waterlogging was more responsible for plant mortalities in the salt x waterlogging
experiment, although the combination of the two stresses would likely have created an
overwhelming situation too difficult to overcome. Given these results, it is suggested that
C. quadrifidus may be better able to cope with moderate salinity in a free-draining soil
type.

It can be assumed that those species (or seed sources) that inhabit areas not subject to
waterlogging are not required to possess adaptations to assist in hypoxic conditions. As
C. quadrifidus typically occurs in areas with free-draining sandy soils, it is likely to have
only limited ability to tolerate periods of inundation. This does not deny its potential for
use in saline landscapes not expected to experience long-term flooding, but does limit its
potential for use in areas subject to seasonal waterlogging.
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M. uncinata

The minimal reduction in relative growth rate with waterlogging in M. uncinata initially
suggests that this species shows much potential for use in areas subject to seasonal
waterlogging. However, when combined with a greatly reduced survival rate at times of
flooding, it becomes clear that there is considerable variation within this species. Only
three individuals of the two seed sources survived waterlogging, all with minimal growth
reduction, indicating that these three individuals show considerable resistance to the
negative influence of waterlogging. It is these individuals that show great potential for
use in waterlogged conditions.

This is indicated by the same survival rates being obtained from WL200 and WL0
treatments. These results show that the high salt tolerance of this species can be
maintained in waterlogged conditions in some individuals, despite a generally negative
response to anoxia. Although survival rates were much higher for the salt-only
experiment, these results indicate that careful selection of individuals from more tolerant
seed sources might provide plants capable of tolerating both saline and waterlogged
conditions.

As M. uncinata frequents the fringes of wetland depressions and drainage lines, it could
be expected to have greater tolerance to waterlogging. Given this assumption, the limited
acceptance of inundation observed in this experiment was somewhat surprising. This is
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further questioned given that this species was considered capable of tolerating
waterlogging with 400 mM NaCl (Bell, 1999). It may be that this species is only capable
of withstanding short periods of inundation, as opposed to the 12 week period
experienced in this experiment, or that its relative salt and waterlogging tolerance is
highly variable and that the seed sources used were not as waterlogging tolerant as those
collected from other areas.

E. camaldulensis

The results obtained from E. camaldulensis in the salt x waterlogging trial suggest
excellent potential for this species. The wide-ranging habitat in many soil types and
genetic variation between seed sources (Farrell et al., 1996) indicate this species to be a
favourable option for further screening. The results obtained from the three seed sources
may indicate that this species is in fact more tolerant to salt and waterlogging than
initially thought. In previous studiesm it was considered that although E. camaldulensis is
considered highly tolerant, it was capable of surviving only 300 mM NaCl with
waterlogging (Bell, 1999), less than the 400 mM NaCl/waterlogging that three NSA and
four YAN94 individuals tolerated in the current experiment.

E. camaldulensis showed a marked increase in growth with exposure to waterlogging and
at least maintained growth with the combination of 200 mM NaCl and waterlogged
conditions. This compares to previous observations that suggest that flooding is necessary
to maximize growth in E. camaldulensis (Bacon, Stone, Binns, Leslie & Edwards, 1993),
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but contrasts to other results, which reported a significant decline in growth of
E. camaldulensis with waterlogging and salt x waterlogging experiments (Marcar, 1993;
Marcar et al., 2002).

E. camaldulensis is a wide-ranging Australian species which commonly grows along
water courses, many of which are subject to seasonal drought. Combined with leaves
with a relatively large surface area and potentially high evapotranspiration rate, it would
be expected that the species is physiologically adapted to tolerating periods of dryness
and is proficient at growing to its full potential when adequate water is provided, namely
seasonal flooding. This aids explanation of the significant growth spurt observed
following exposure to waterlogged conditions in this experiment. In addition, sufficient
water (i.e. greater than that required to maintain field capacity) appears to have helped
offset the negative effects of salt, with growth up to five times higher in the WL200
experiment compared to the 200 mM NaCl alone. This contrasts to a previous study
which concluded that the combination of waterlogging with salt stress had negative
ramifications on the ability of E. camaldulensis to tolerate salt (Marcar et al., 2002).

As with many glycophytes able to survive moderate salinity, the three seed sources of
E. camaldulensis showed the ability to produce aerenchyma. These gas filled chambers in
adventitious roots of inundated plants assist in gas exchange to help oxygen and gas
exchange persist for longer. It is also beneficial in the removal of the toxic metabolic end
product ethylene (Marcar et al., 2002). Although minimal, the production of aerenchyma
was noted in each E. camaldulensis seed source tested in this experiment. The higher
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proportion observed in the waterlogged-only conditions suggests that salt may inhibit its
production.

Previous study found that E. camamldulensis exposed to 300 mM NaCl and waterlogging
were unable to produce adventitious roots (Akilan et al., 1997), an observation also made
on E. lesoufii in saline saturated conditions (van der Moezel et al., 1988). This indicates
that there may be a tolerance threshold at which E. camamldulensis can produce
aerenchyma to counteract hypoxia in a saline environment. In this experiment, utilization
of aerenchyma ceased to be of assistance for any individuals after WL200 in STON09,
yet was likely to be aiding survival in NSA and YAN94 at WL400, if only minimally.

4.2.2 Proline Accumulation

The minor difference in the amount of proline produced between the 200 mM NaCl and
WL200 experiments or the 400 mM NaCl and WL400 experiments for the E.
camaldulensis seed sources suggests that proline production does not appear to
significantly increase in response to adding waterlogging on top of saline stress. This
would indicate that any increase in proline production during the combined stress of
waterlogging and salt is as a result of a physiological response to salt and is not a direct
consequence of the hypoxic conditions.

Proline is believed to be fast to proliferate and act, but also rapidly decreases with
rehydration (Wyn Jones & Storey, 1978). Given this observation, it would seem unlikely
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that proline would accumulate when plants are exposed to waterlogged conditions.
Increased proline levels observed during times of hypoxia and salt stress are more likely
due to the plant’s response to overcoming the limiting effects of salt.

Contrary to this, however, the majority of species/seed sources tested (except SA C.
quadrifidus and NSA M. uncinata) showed a marked increase (greater than 100%) in
proline production between the control treatment and WL0, indicating that in some
individuals proline production may increase during times of hypoxic stress. This
observation is particularly interesting as it has not previously been published and
indicates a new stress that proline may be produced to assist with.

The exact reasons why this compatible solute may be of use during times of
waterlogging cannot be understood from this experiment. A number of possibilities can
be hypothesized, however. The enhanced production of proline during drought (AlKaraki, Clark & Sullivan, 1996; Ramanjulu & Sudhakar, 2000), salt (Mattioni et al.,
1997; Somal & Yapa, 1998) and heavy metal contamination (Alia & Saradhi, 1991)
suggest a possible link between proline production and the accumulation of toxic
products during times of stress. As waterlogging can result in the production of ethylene,
increased levels of proline may have a role to play in overcoming this. Alternatively, any
of the other roles previously postulated for proline, for example scavenging of hydroxyl
radicals or regulating cytoplasmic pH may be involved.
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The observation that the proline production did not vary much between the salt only
experiment and the salt x waterlogging experiment suggests that in these species proline
may be produced in restricted amounts to play a role in any one osmotic stress at a time.
Should this be the case, the inclusion of an additional stress does not necessarily warrant
the supply of extra amounts of proline.

Alternatively, these results may suggest that the plants used in this experiment were
incapable of producing any more proline. The exposure to salinity is a harsh stress that
requires a variety of control measures, adding waterlogging into the equation may have
exhausted the plants ability to produce additional amounts of proline. The similarity in
proline concentrations at 400 mM NaCl to those at WL400 for these species, support this
suggestion.

The increased levels of proline produced do not necessarily allow acknowledgement of
proline as an osmoprotective, yet would indicate that this compatible solute certainly has
a role to play in times of waterlogging stress, as previously mentioned.

4.2.3 Seed Source Response - Growth and Survival

C. quadrifidus

According to relative growth rate and survival data, the SA seed source of C. quadrifidus
showed more tolerance to waterlogging than the NSA. Despite this, however, neither
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seed source was considered to have particularly effective waterlogging tolerance.
Difference in relative growth rate between the two seed sources was considered
statistically significant, in favour of SA being more tolerant. The similarly high mortality
rate between the two seed sources indicated that this was not enough to differentiate the
two seed sources. The one SA individual that survived WL200 shows that metabolic
and/or chemical variation is present within seed sources to enhance tolerance to
waterlogging, which could be pursued. It would appear likely that the close proximity of
the SA parent plant to a drainage line aided the plant’s ability to have slightly more
tolerance to a waterlogged environment, yet not enough to have a positive effect on
percentage survival.

There was only a minor difference in tolerance to waterlogging between the two seed
sources, so combined with the general lack of tolerance to high levels of salt, it is not
warranted to explore the possibility of finding other C. quadrifidus seed sources with
higher degrees of waterlogging tolerance, as there are likely to be other species which
show greater potential for use in salt x waterlogged landscapes.

M. uncinata and E. camaldulensis

Although the difference in relative growth rate between M. uncinata and
E. camaldulensis seed sources was not considered statistically significant (seed source
and seed source x treatment), the observed differences in growth rate and survival
indicates that there is some degree of variation present. Some individuals stand out as
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having superior ability to not only survive, but maintain higher growth in a combination
of waterlogged and saline conditions. It is these individuals that need to be targeted in the
screening process, and as both M. uncinata and E. camamldulensis can be readily
propagated clonally, this strengthens their potential for use in salt-affected areas.

Despite a lack of statistical significance in survival between the two M. uncinata seed
sources, the higher survival rates of the SA M. uncinata compared to the NSA seed
source in both the WL0 and WL200 treatments indicate that it is likely to show superior
results in waterlogged conditions. The similarity in growth rate between the two seed
sources may indicate a slowing of the SA individuals whilst they adjust to increased
water levels, rather than the hasty growth and death of the NSA plants. This is consistent
with observations that shoot growth decreases in wheat with the onset of waterlogging
(Barrett-Lennard, 2003) and salinity x waterlogging in four species of Eucalyptus with
considerable waterlogging tolerance (Marcar, 1993).

The collection of the SA seeds from the raised sandy soils of a naturally occurring
intermittent salt lake that was dry at the time of seed collection, may suggest that seeds
with superior waterlogging tolerance should be collected from plants growing closer to
more perennial sources of water, possibly even those growing in clay soils and likely to
be inherently more adapted to longer periods of greater moisture.

Similar assumptions can be made from the E. camaldulensis data. Although there was no
significant difference between the RGR of seedlings from the three seed sources, survival
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of some individuals from the NSA and YAN94 seed sources indicates they are the most
capable of tolerating extreme levels of salt with waterlogging. All the seed sources can be
considered highly tolerant of salt and waterlogging combined, but the survival data
indicates the importance of looking at more than one characteristic when screening plants
for their relative salt tolerance.

4.2.4

Proline Concentration

C. quadrifidus

The seed source x treatment interaction may have been strong enough to provide
significant difference in proline production between the two C. quadrifidus seed sources,
yet this did not necessarily differentiate one seed source as having a greater tolerance to
waterlogging than the other. The greatest difference in proline production between the
seed sources occurred at WL0, and although this indicates a greater ability for the SA
seed source to withstand waterlogging, this was not considered an accurate indicator of
waterlogging tolerance as: a) at both WL200 and WL400 the SA seed source produced
more proline and individuals were still not able to greatly improve survival rates; b) there
was significant difference between the two seed sources and the control indicating that
even at times with no stress this species inherently has greater levels of proline and c) the
SA seed sources had marginally higher survival rates despite producing less proline than
the NSA seed source. This was indicated by the lack of significant difference at the seed
source level.
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Although proline levels did rise with imposition of waterlogging in the two seed sources
of C. quadrifidus, they were only considered to have increased enough to have a stressminimizing effect (but not osmotic) in WL200 and WL400. However, as all but one
C. quadrifidus individual died with WL200 and WL400, the three and four times increase
in proline respectively did not appear high enough to have alleviated the stresses of salt
and waterlogging enough to prevent death. As these levels were not considered to be
much different to those achieved at 200 mM and 400 mM NaCl alone, it can be
considered that increase in proline levels was more related to salt stress than hypoxic
conditions, or as previously mentioned, plants may be subject to a ‘proline production
threshold’.

M. uncinata and E. camaldulensis

The significant difference between the amount of proline produced between both seed
source and the seed source x treatment interaction in both E. camaldulensis and M.
uncinata indicates that there is a degree of variation in proline production within species.
The fact that proline increased in those seed sources with parent plants in saline
landscapes suggests that its production is linked to improving the effectiveness of the salt
and waterlogging response.

As the proportional increase between the salt-only to waterlogging treatments was only
minimal, it was considered that these levels were not high enough to verify the role of
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this imino acid as an osmoprotectant, yet alternative roles in stress protection are likely to
be involved. In both the WL200 and WL400 treatments, where there was not 100%
survival, it may be useful to do a direct comparison of proline production with survival
rates to see if any correlations can be made between higher proline production and higher
survival.

4.3 General limitations

Consistent Proline Levels

Despite considerable research, papers outlining the degradational ability of proline
following plant death were not encountered. Given the limited time and scope of the
current project, it was not possible to conclude whether following a plants death proline
degrades and if so, at what rate. As all plants were harvested within a day of each other,
there is the possibility that the proline levels of those plants which had died early in the
study had degraded to a proportion of what they had been while alive. This raises the
issue that if in fact the levels had decreased, how high had they been when the plant was
alive and is it fair to assume that whatever the level had been it was not high enough to
warrant the role of proline as an osmoprotectant capable of sustaining plant growth,
therefore questioning the role of proline as an osmolyte.
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The only way to avoid this possible implication is to harvest plants as soon as they die,
yet even this raises problems. Determining when a plant is considered dead and at what
exact stage proline starts to degrade, if at all, would need to be addressed.

Maturity of Experimental Material

The plants utilized in this experiment were between three to five months old. Most
woody plants show no salt tolerance at germination, low to moderate tolerance at
seedling age and increasing tolerance from approximately four months onwards (Niknam
& McComb, 2000). The implication here is that the plants used for this experiment may
be more salt tolerant in later stages of growth than is indicated by their results in this
experiment, which further extends their potential. The rapid growth of E. camaldulensis
and its involvement in this glasshouse trial in standardized pot sizes meant that it could
not be experimented with at a more advanced size due to concern that the limited space
for root development may impair the response.

Research on three accessions of Pigeon Pea (Cajanus cajan) found considerable
difference in the survival rate of seedling and adult plants to salt (Ashraf, 1994). The
difficulty this presents is that more time is required to grow plants to a mature age (which
is likely to be quite slow when using woody plants from arid regions) before salt and/or
waterlogging tolerant individuals can be targeted for further field trials.

78

As with salt stress alone, the question of whether a plant’s age affects its ability to
tolerate waterlogging was asked. It was found to be the case in a number of previous
studies (Davies et al., 2000; Malik et al., 2002), but a number of other factors, including
the depth of water inundation (Malik, Colmer, Lambers & Schortemeyer, 2001) and the
duration of the flooding event (Jackson, 1979) also impact on a plant’s ability to tolerate
waterlogging for the short or long term. Many individual plants in this study were
capable of surviving 10 mm of waterlogging for the first few weeks, but mortality
increased beyond week five. This appears to be considerably longer than many other
species tested previously (Kozlowski, 1997), although most other species sensitive to
long term exposure to flooding were annual crop species such as wheat (Malik et al.,
2002). This highlights the ability of most plants to withstand intermittent periods of
anoxia in an otherwise aerobic environment (Ratcliffe, 1995).
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CHAPTER 5: GENERAL CONCLUSIONS

5.1

Consistency of response within the Myrtaceae family

As would be expected with such a large plant family which occurs in a broad range or
habitats, considerable variation at both the species and seed source level was observed to
exist within the Myrtaceae family. This resulted in a spectrum of results, ranging from
moderate to very high salt tolerance and waterlogging intolerance to high salt x
waterlogging tolerance. Similarly, proline levels also varied considerably, both in the
control and in response to treatment.

Using these results, it is reasonable to acknowledge that generalizations about this family
in terms of salt and waterlogging tolerance cannot be made. Instead species, seed source
and individuals need to be considered.

5.2

Seed source selection

Results from these experiments suggest that careful selection of seed source is a useful
means of isolating plants worth targeting. Identification of plants growing in favourable
conditions and exhibiting superior traits provides considerable potential in the screening
of plants to grow in saline and/or waterlogged conditions. As considerable variation
occurs both within species and within seed sources, glasshouse trials remain as a
necessary prelude to field trials. However, focusing on those parent plants with preferable
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characteristics from which to obtain propagating material will minimize the number of
species and/or seed sources needing to be tested. All the plants tested here can be
propagated by seeds (for genetic variation) or cloned (such as cuttings), useful ways of
mass-producing plants for use on salt and/or waterlogging degraded land.

5.3

Proline as a screening tool

Levels of proline varied with seed source and treatment. In general, proline increased
with imposition of stress, yet these levels were not considered high enough to act as an
osmoprotectant. This does not deny its role in other means of controlling a steady internal
environment. M. uncinata exhibited the highest survival rates at 400 mM NaCl and also
showed the greatest increase in proline concentration relative to the control.

If this were to implicate proline as an indicator of salt tolerance, the assumption would be
that C. quadrifidus, the least salt tolerant of the species tested, would show the lowest
proportional increase in proline levels. As all individuals of this species were dead at
400 mM, direct comparison cannot be made. Results at 200 mM NaCl were similar to
those obtained for E. camaldulensis with the same treatment, yet the NSA and YAN94
seed sources continued to survive at 400 mM, unlike the C. quadrifidus. In this respect, it
would appear that proline may not be an accurate tool for screening the relative salt
tolerance of a species or seed source.
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To accurately determine whether this is a fair judgement, comparisons would need to be
made between the proline concentrations of individuals and their relative salt tolerance
rather than looking at a whole group, due to the high level of variation apparent within
seed sources.

Proline concentration did not appear to significantly differ between the salt and salt x
waterlogging experiments, indicating that screening for proline is not a useful tool for
indicating the relative waterlogging tolerance of an individual, seed source or species
when salt is involved. Further research would be needed to determine if proline levels are
a good indication of the relative waterlogging tolerance in a non-saline environment.

5.4

Future potential

C. quadrifidus

C. quadrifidus shows potential for use as an understorey species in free-draining soils in
low to moderately salt affected areas. In this way, this species is capable of helping to
restore ecosystem function in areas being rehabilitated to a natural state.

M. uncinata

M. uncinata, particularly the SA seedlings tested here, are of particular interest for
growing on highly saline sites with free-draining soils. Further field trials would need to
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be established over a longer time period to observe growth rate and threshold salt and/or
waterlogging tolerance of these species in a situation more likely to mimic that of future
rehabilitation sites.

Further study may be necessary to determine if other seed sources may be better able to
cope with periods of inundation, although those tested do show ability to withstand short
periods of waterlogging. The potential for this species is great, either for use in
plantations (brushwood) or rehabilitation with other species due to the large genetic
variability.

E. camaldulensis

All the E. camaldulensis seed sources used in this experiment are worthy of further
research, due to their ability to tolerate saline and waterlogged conditions. In particular,
the NSA and YAN94 seed sources show great potential for use in highly saline land
subject to inundation. Combined with a rapid growth rate, ease of propagation and
number of uses in both plantation and rehabilitation landscapes, this species and these
seed sources could prove very useful.
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